Abstract-An experimental setup and data reduction method has been developed for noninvasive high frequency electromagnetic impedance measurements of carbon nanotube (CNT)/epoxy nanocomposites. Using time domain reflectometry and parallel plate transmission lines, dielectric properties can be measured with the specimen under tensile loading. Good dispersion and addition of CNTs lead to an increase in high frequency dielectric constant of the nanocomposites. A strong strain dependence of the impedance is observed for the well dispersed nanocomposite while the baseline epoxy showed no strain dependence. A mechanism, based on an increase in CNT-CNT tunneling capacitance with applied tensile strain has been suggested. This research is expected to introduce a noninvasive characterization technique for studying electromagnetic properties of conductive nanocomposites.
INTRODUCTION
The aim of this research is to experimentally study the effect of carbon nanotube (CNT) dispersion on high frequency electromagnetic properties of CNT based nanocomposites. The effect of CNT networks on the coupling between strain and high frequency electromagnetic properties are also evaluated. A noninvasive experimental method for monitoring electromagnetic properties of materials with or without tensile loading has been developed. The non-invasive electromagnetic monitoring technique is based on time domain reflectometry (TDR) and includes a waveform based inverse modeling algorithm to decouple sensor characteristics from specimen properties. The research is expected to establish TDR as a material characterization technique for studying conductive nanomaterial properties under mechanical loading. For the first time, in-situ measurements of strain dependent high frequency electromagnetic properties using TDR has been achieved.
Recent studies have revealed that CNT based polymer nanocomposites have excellent electromagnetic shielding properties [1] [2] [3] . It is well established that the electrical conductivity of CNT based nanocomposites depends not only on the weight fraction of the CNTs in the polymer but also on the dispersion [1, 2, [4] [5] [6] [7] . Even though the classical electromagnetic theories predict the electromagnetic shielding properties of materials to be merely a function of electrical conductivity and dielectric constant, previous research by Arjmand and co-workers [3] has shown that for polymer nanocomposites, mechanisms such as electromagnetic wave scattering by individual nanotubes offer a much wider range of electromagnetic shielding at the same electrical conductivity. Hence, even though the DC electrical conductivity of CNT based nanocomposites has been well understood by the scientific community through either percolation [8] or tunneling models [9] , the electromagnetic properties still need to be studied. A similar lack of understanding of nanoscale electromagnetics has been discussed in a review by Ruthergren and Burke [10] . The present research has used electric time domain reflectrometry (TDR) to characterize electromagnetic properties of CNT based polymer nanocomposites with different states of CNT dispersion so as to provide further experimental information towards better understanding of electromagnetic behavior at the nanoscale.
TDR technique has been widely used since to detect faults in printed circuit boards and cables [11] , geo measurements [12] , soil moisture content [12] , concrete faults [13, 14] , liquid flow [15] and delamination crack monitoring [16] . The present research is motivated by the lack of in-situ electromagnetic characterization data of nanocomposites, especially those based on CNTs. TDR is a low cost and robust method to evaluate broad band dielectric response can be used as the method to study dielectric properties. A parallel plate transmission line TDR test setup has been developed which enables non-invasive (contactless) measurement of electromagnetic properties during unstrained and strained loading conditions. In our earlier research [17] , similar parallel plate TDR sensors have been used for noninvasive strain monitoring and damage sensing in CNT introduced fiber composites. Carbon nanotubes have been known to have coupled mechanical and electrical/electromagnetic properties [18] [19] [20] [21] . Polymer nanocomposites exhibit a significant piezoresistive behavior, i.e., the variation of DC electrical resistance with strain [22] [23] [24] [25] [26] [27] . The coupling between mechanical and electromagnetic properties can be studied non-invasively with the parallel plate setup fabricated in the present work,
ELECTROMAGNETIC PROPERTIES: REFLECTOMETRY VERSUS TRANSMISSION MEASUREMENTS
As far as guided wave measurements are concerned, there are two methods to measure system/specimen properties: reflectometry or transmission measurements. Both these techniques consist of a waveform generator, which can be electromagnetic, acoustic or optical and a waveform recorder. The difference is that in reflectometry type measurements, both the waveform generator and the sampler are using the same contact points while in case of transmission measurements, the waveform generator and the sampler are on the opposite sides. Both the measurement techniques are illustrated in Figure 1 .
The transmitted waveform response is a function of the properties of all the mediums through which the waveform propagates. In through-transmission mode uniform bulk properties can be calculated in reflectometry measurements properties of individual section can be measured. In this research, electrical TDR has been chosen as the method to probe the nanocomposite specimen during tensile loading as several discontinuities are inherently involved in the design of a probe/test-cell to perform in-situ measurements. Section 4 explains a forward solver TDR inversion algorithm which can back calculate the electromagnetic properties of many successive mediums if the characteristics of the first medium are known. In TDR measurements, the first medium is usually a coaxial or SMA Cable of 50 Ohms impedance and hence based on this value, all other impedances can be back calculated. Figure 2 shows the equivalent electric circuit diagram of a typical TDR setup. The setup consists of a waveform generator which generates a step voltage pulse and an oscilloscope which records the reflection. A TDR 'module' has both the waveform generator and oscilloscope as a single unit. The step voltage pulse travels along the transmission line (a pair of conductors connected to the TDR module) and based on the oscilloscope/detector output, the dielectric properties of the transmission line can be calculated. The dielectric properties of the transmission line depend on the material surrounding the transmission line. The localized electromagnetic properties of the specimen and transmission line are defined by the characteristic impedance, Z. Electrical properties of the specimen and Transmission Line system are defined by "Characteristic impedance" (Z) given by Equation (1):
TDR EXPERIMENTAL SETUP
R, G, L and C are the distributed resistance, conductance, impedance and capacitance, respectively. A typical output of TDR is shown in Figure 3 . The mth observation point has an impedance discontinuity and so the TDR output voltage at the TDR time corresponding to that observation point is given by Equation (2) . The relationship between TDR time scale and spatial scales is given by Equation (3). 
It is possible to measure the impedance of a specimen by observing the TDR voltage-time data. The transmission lines can be either coaxial, parallel plate, microstrip etc. Coaxial transmission lines have been used to measure dielectric properties of liquids [28, 29] . Parallel plate transmission lines have been used to measure the soil moisture content [30] . In our earlier research, parallel plate transmission lines have been used for damage sensing of CNT modified polymer composites [17] . We have used the parallel plate transmission lines for our present experiments due to 1) simplicity of interpreting the results and 2) the ability to perform in-situ impedance measurements while the specimen is strained. The experimental setup is shown in Figure 5 . Further simplifications can be made for the TDR cells in Figure 4 . As the transmission lines are made out of copper, R can be assumed to be approximately 0 Ω and the air gap between the transmission lines and the specimen provides good insulation with G = 0 S. Equation (1) simplifies to:
Further, for a parallel plate transmission line filled with uniform dielectric, the impedance can be related to material dielectric properties and specimen geometry as [31] :
For a transmission line consisting of both an air-gap and a dielectric specimen and assuming that the specimen is non-magnetic, the impedance is given Equation (6) .
where ε effective is the effective dielectric constant given by Equation (7), C is the capacitance of the parallel plate transmission line with the dielectric inserted in and C 0 is the capacitance with air/vacuum in between the parallel plates.
Thus, dielectric properties of the specimen can be measured using a TDR based parallel plate test cells. Further, Fellner-Feldag [28] has shown that the initial TDR trace (before the open circuit reflection) corresponds to high frequency dielectric properties of the specimen.
TDR INVERSION ALGORITHM
Equation (1) can be applied to calculate the impedance of that discontinuity if the transmission line has only one discontinuity. In case of multiple discontinuities, multiple reflections and transmissions of the input pulse take place. Hence the voltage output of the TDR module must be processed to compute the impedance profile of the transmission line. Figure 5 illustrates the phenomenon of multiple reflections due to multiple impedance discontinuities. The transmission line is assumed to be made of a number of impedance discontinuities (Z 0 , Z 1 , Z 2 , Z 3 and so on). At any impedance discontinuity between two impedances Z i and Z i+1 , a forward travelling wave results in transmitted and reflected pulses. The transmitted voltage pulse is given by Equation (9) and the reflected voltage pulse is given by Equation ( 
The waveform generator in the TDR module generates voltage pulses and the high frequency oscilloscope measures the sum of the incident and the reflected waveforms at the source (Z 0 ). For multiple discontinuities, this time history of voltages at the source (TDR output) needs to be related to the impedance distribution. In any experimental setup, especially such as the present setup, which allows in-situ TDR measurements, multiple reflections are unavoidable, mainly due to the impedance discontinuity between the test-cell and the coaxial cable. A number of 'TDR-inversion' algorithms [32] [33] [34] [35] are described in the literature. Schlaeger [32] has used an optimization search technique which assumes an initial guess. Platt and Woodhead [33] have implemented monte carlo inversion procedure assuming some impedance distribution to be known a-priori. Hsue and Pan [34] have reported a forward solver. A layered peeling algorithm has been used in [35] . In the present work, a forward solver similar to the work of [34] has been developed. Figure 6 shows the basic concept of the present TDR inversion technique which is waveform based. Let's assume that all but one impedance in the TDR network are known. It is further assumed that all the impedances have equal travel times. ΔV is the difference between the real TDR output at t = 10Δt 0 and the output assuming that the unknown impedance is equal to the known impedance immediately preceding it. V internal is the internal TDR response of the known impedances and can be calculated using one dimensional transmission line modeling method [34] . V forward (Z k , 2(k + 1)Δt 0 ) is the forward travelling voltage pulse at the end of the known TDR network at time t = 2(k + 1)Δt 0 . Based on the voltage difference ΔV , the unknown impedance can be calculated using Equation (11). It's assumed that the impedances till the kth impedance are known. In an actual TDR experiment, since a coaxial cable of known impedance (usually 50 Ohms) is used, the impedance response of the entire TDR network can be reconstructed.
A transmission line modeling (TLM) based algorithm [36] has been used to calculate the response of the transmission line with known impedances. The TLM based algorithm tracks all the individual waveform reflections and transmissions at each time step (Δt 0 ) using Equations (9) and (10) for both forward and backward travelling waves. The one dimensional TLM based algorithm has been compared to the algorithm used by Hsue and Pan [34] (Figure 7 ) for an exponential transmission line. An exponential [36] transmission line is a transmission line with impedances varying exponentially according to Equation (12) . Figure 8 shows the results of reconstruction for the exponential transmission lines for two particular cases. Hence it is possible to invert the TDR signal using a forward solver based on combination of TLM method and Equation (11) . The inversion is exact and real time implementation is possible. The TDR inversion algorithm can be used to decouple the connector and soldering variations at the TDR connector. Figure 6 . Determination of unknown impedance immediately after a known impedance network.
MATERIAL, SPECIMEN PREPARATION AND INSTRUMENTATION
Epoxy SC-15 resin (Applied Poleramic Inc.) matrix material and multi-walled CNTs (Hanwha nanotech) were the constituent materials of the nano-composite. Epoxy SC-15 is a two part resin system with a Part A: Part B mix ratio of 100 : 30 by weight. MWCNTs were mixed in the Part A resin. Then, Part A and Part B were mixed using centrifugal mixing (Thinky TM mixer) and the resin was cast to create the poorly dispersed system into dimensions shown in Figure 3 . Well dispersed CNT nanocomposites were prepared by dispersing MWCNTs into SC-15 Part A using 3-roll milling (calendaring) technique described in previous research by Thostenson et al. [37] . Both systems were cured at 120 • C for 2 hours. Reconstruction of non-uniform transmission line given by Equation (12) using waveform based TDR inversion technique.
HL-8200 TDR module (Hyperlabs Inc.) recorded the TDR response of the specimen. An incident voltage step of 250 mV with a rise time of 200 ps (maximum frequency of 5 GHz) has been applied. Tensile loading was applied using INSTRON 5565 load frame. Strain was measured using standard strain gages mounted on the specimen. A LabView TM based data acquisition system combined the TDR, strain and load measurements.
RESULTS AND DISCUSSIONS
The TDR voltage data (Figure 9(a) ) is converted to impedance data using the inverse modeling technique described in Section 4 and Figure 9 (b) shows the TDR waveforms in terms of impedance for the unstressed specimen for the neat, poor and well dispersed resins. A 50 Ω coaxial cable was used and hence the initial impedance measured by the TDR is 50 Ω. Epoxy nanocomposites with well dispersed CNTs are observed to have the highest travel time (Δt WD ). The travel time of poorly dispersed specimen (Δt WD ) is intermediate and the travel time of neat epoxy specimen (Δt N ) is the lowest. Hence, from Equation (3), this indicates that the high frequency dielectric constant (k ∞ ) is the highest for the well dispersed MWCNT/epoxy nanocomposite and the least for neat epoxy specimen. This increase in high frequency dielectric constant is further confirmed by the decrease in impedance level (Equation (6)).
Combining Equation (3) and Equation (4) and assuming that nanotubes do not change the magnetic permeability of the resin, the following relationship can be derived between the impedance and time of flight for any given sensor system:
For different specimen inserted between the plates of TDR sensor, the plot of Z and 1/ΔT should be a straight line. Figure 10 shows the experimental relationship between Z and 1/ΔT . As expected, impedance is inversely proportional to the time of flight. In addition to epoxy SC-15 specimen, CNT/ vinyl ester specimen (CNT/VE) with 0.5 wt% CNTs were also tested to confirm the linear relationship. Figure 11 shows the results of the in-situ impedance measurements while tensile loading is applied to the specimen. Whereas neat epoxy SC-15 shows no strain-impedance response, an increased correlation between impedance and strain is observed in the poorly dispersed MWCNT/epoxy specimen. A higher signal-to-noise ratio can be seen in well dispersed MWCNT/epoxy specimen. CNT networks result in coupling between electromagnetic impedance and strain where the coupling increases with the improvement in dispersion of CNTs. These results are in agreement with previously published results by Dang et al. [38] which show that tensile strain can change the dielectric constant of CNT based polymer nanocomposites. The study however, was performed only for two cases: stretched and un-stretched. However, the present study reports in-situ measurements of the dielectric properties for a wide range of strains using a simple experimental setup. Figure 12 compares the strain-TDR response for the poorly dispersed and well dispersed MWCNT/epoxy nanocomposite system.
The impedance of well dispersed MWCNT/epoxy nanocomposite has a higher sensitivity to strain as compared to poorly dispersed MWCNT/epoxy composite. It has been proved in previous research by Lee et al. that the dielectric constant of any solid material depends on the applied strain [39, 40] . This phenomenon is known as dielectrostriction. The present research presents the dielectrostriction properties of CNT based nanocomposites for the first time. This could have future application in designing reconfigurable antennae and radomes which operate over a range of frequencies. The impedance response is mainly due to the change in dielectric constant of the nanocomposite with strain and not merely due to the dimensional changes. The fact that the neat epoxy specimen does not show any variation with strain indicates that the contribution of geometrical changes with strain is negligible.
The TDR measurements can measure electromagnetic properties without any physical contact with the specimen, while previous developed contact measurements suffer from interference due to the metal-CNT electrical contacts [41] . Previous researches for TDR analysis of soils [42] have shown that using appropriate TDR cells, all the properties of the specimen, i.e., conductivity, low frequency permittivity and high frequency permittivity can be determined. The TDR cell used in the present Comparison of strain dependent TDR response for both well dispersed and poorly dispersed specimen.
research was meant specifically for investigating the qualitative effect of dispersion and strain on high frequency impedance of the specimen. But with an appropriate modification of the transmission line, low frequency properties can be measured as well. The tunneling and percolation models explain the electron transport in CNT based nanocomposites. However the cause for enhancement of dielectric properties of CNT based nanocomposites is not yet well proposed. If the dielectric measurements are contact measurements, there must be leakage current between the electrodes (since CNT based nanocomposites are conductive). However non-contact measurements eliminate the leakage current and the observed impedance is strictly due to reorienting of dipoles in the polymer. It is of fundamental scientific interest as to how CNTs impart bulk polarity to the host polymer. A probable mechanism for the observed strain-TDR response is depicted in Figure 13 . The applied tensile strain results in an average increase of the tunneling distance between the CNT networks in the nanocomposite. Hence the effective CNT-CNT capacitance decreases with applied strain. CNT-CNT capacitance contributes towards the dielectric constant of the nanocomposite. Hence a decreased capacitance would result in decrease of effective dielectric constant of the nanocomposite. This decrease in effective dielectric constant results in an increase in impedance of the nanocomposite with strain, as observed experimentally. Further, since a well dispersed nanocomposite has more CNT-CNT capacitance contributions as compared to a poorly dispersed nanocomposite, the strain dependence of the impedance is more pronounced in the well dispersed nanocomposite as compared to poorly dispersed nanocomposite.
CONCLUSIONS
A technique for non-invasive high frequency electromagnetic impedance measurements of MWCNT/epoxy nanocomposites has been reported. Both well dispersed (prepared using 3 roll milling) and poorly dispersed (prepared using centrifugal mixing) nanocomposites are studied. The specimen is inserted between parallel plate transmission lines and TDR measurements are used to measure the specimen impedance. There is no leakage current between the electrodes hence the properties observed are purely dielectric. Better dispersion results in an increased high frequency dielectric constant. A linear relationship between the impedance and time of flight is observed which indicates that the TDR inversion algorithm has been able to filter the effect of inherent impedance discontinuities in the sensor. The dielectric properties of well dispersed MWCNT/epoxy system are strong functions of strain and the strain dependence is more pronounced for the well dispersed nanocomposite as compared to poorly dispersed nanocomposite. A mechanism has been suggested, based on the increase in tunneling capacitance between the CNTs which accounts for the observed impedance-strain response of nanocomposites.
